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We study the cosmological consequences of co-decaying dark matter – a recently proposed mech-
anism for depleting the density of dark matter through the decay of nearly degenerate particles.
A generic prediction of this framework is an early dark matter dominated phase in the history of
the universe, that results in the enhanced growth of dark matter perturbations on small scales.
We compute the duration of the early matter dominated phase and show that the perturbations
are robust against washout from free-streaming. The enhanced small scale structure is expected
to survive today in the form of compact micro-halos and can lead to significant boost factors for
indirect detection experiments, such as FERMI, where dark matter would appear as point sources.
INTRODUCTION
The thermal history of the universe is established be-
low temperatures around an MeV. Through the precise
predictions and measurements employed to study Big
Bang Nucleosynthesis (BBN) and the Cosmic Microwave
Background (CMB), we can now place stringent bounds
on any particles beyond the Standard Model (SM) that
were in thermal equilibrium at these times. Conversely,
the SM does not provide a means of probing its thermal
history at temperatures higher than O(MeV), leading to
the common lore that any thermal dynamics above this
scale will not be accessible to experiment. Many well-
motivated models of dark matter (DM) predict masses
above this scale; this makes it challenging to use cosmol-
ogy to place constraints on the creation mechanism of
DM.
Recently, however, it has been proposed that an early
period of matter domination (before BBN) would have
observable implications [1–3]. The idea is that a period
of early matter domination would lead to structure for-
mation in DM prior to freeze-out. These early seeds of
structure can result in concentrated dark matter, where
the bulk of dark matter is found in dark compact ob-
jects today. This intriguing possibility has led to a surge
of studies of early structure formation [2–9]. However,
while these models do predict significant matter domi-
nation and pre-BBN structure formation, one often finds
that the perturbations do not survive to today. This is
due to either DM being kinetically coupled to the radia-
tion bath during or after the matter dominated epoch or
because reheating washes out the perturbations.
An alternative mechanism which leads to an early mat-
ter dominated era and enhanced structure formation, is
the recently proposed ‘co-decaying DM’ framework [10].
(For other recent models that include an early period of
matter domination in a dark sector see Refs. [11–14].)
Here, DM itself comes to dominate the total energy den-
sity leading to the creation of small-scale structure. Part
of the dark sector later decays to SM particles, reheating
the SM bath prior to BBN. In this Letter, we show that
since co-decaying DM decouples from all lighter degrees
of freedom very early in the history of the universe, the
substructure is not washed out by free-streaming or re-
heating effects. This results in a viable candidate for sig-
nificantly enhanced small-scale substructure from early
universe matter domination.
CO-DECAYING DARK MATTER
We begin with a brief review of co-decaying DM, refer-
ring the reader to Ref. [10] for more details. The light-
est particles in the dark sector are a (nearly) degenerate
species of dark particles, denoted by A and B, where A
will comprise the DM today, and B is unstable, decaying
out of equilibrium. The dark particles thermally decou-
ple from the SM while they are still relativistic in the
early universe. The two dark sector particles remain in
equilibrium with each other via large AA↔ BB annihi-
lations, but due to being degenerate and decoupled from
the SM, they do not undergo Boltzmann suppression as
they become non-relativistic. Instead, the suppression of
the number density occurs when the B particles begin
to decay, which results in depletion of the A population.
Eventually, the A population drops out of thermal con-
tact with the B’s, and A abundance freezes out.
When the dark sector fields become non-relativistic the
dark and visible sectors can be described as a system of
interacting fluids. The background evolution equations
ar
X
iv
:1
71
1.
04
77
3v
1 
 [h
ep
-p
h]
  1
3 N
ov
 20
17
2for the energy densities are
ρ′A + ρ
′
B = −3(ρA + ρB)−
ΓB
H
ρB , (1)
ρ′A = −3ρA −
〈σv〉
mH
[
ρ2A − ρ2B
]
, (2)
ρ′r = −4ρr +
ΓB
H
ρB , (3)
where ρα is the energy density of the respective parti-
cles, and r refers to the SM bath. We use primes to
denote derivatives with respect to the number of e-folds,
m is the mass of A,B, and 〈σv〉 is the thermally av-
eraged cross-section for AA → BB. For s-wave scat-
tering we can parametrize the thermally averaged cross-
section in terms of the zero temperature cross-section,
σ, 〈σv〉 ' σ√(16/pi)(TA,B/m). The unique dependence
on the temperature of the dark sector, TA,B , can lead to
novel indirect detection signatures [10, 15, 16].
In this work, we will assume that dark number chang-
ing processes are small and that ‘cannibalization’ [17]
is absent. In actual models, cannibalization may play
a role, even if very minor. We leave the study of the
effects of cannibalization on structure growth to future
work [18]. Furthermore, depending on the model realiz-
ing the co-decay framework, kinetic decoupling might oc-
cur slightly prior to chemical decoupling, which could ef-
fect the computation of the relic density (see Refs. [19, 20]
for related work). However, such model dependencies are
beyond the scope of this work.
The solution to the background energy densities in
Eqs. (1)-(3) is shown in the top panel of Fig 1. For a
representative benchmark-point with significant matter
domination, we take m = 100 GeV, ΓB = 10−22 GeV,
and a ratio of the number of degrees of freedom in the
dark sector to the SM at kinetic decoupling to be ξ = 0.1.
This scenario corresponds to approximately 9 e-folds of
matter domination.
From the time the DM becomes non-relativistic, its
density redshifts like matter and quickly comes to domi-
nate the energy density of the universe (marked by NMD
in Fig. 1). Later, B begins to decay into the SM, re-
heating the SM bath, and shortly afterwards the uni-
verse returns to radiation domination (marked by NRH
in Fig. 1). The period of (dark) matter domination can
span many e-folds, during which density perturbations
will grow linearly. The length of matter domination can
be split into two parts: the number of e-folds until the
onset of B decay (when H ∼ ΓB), followed by the time
for the decay to deplete the dark sector to the point of a
return to radiation domination,
NRH −NMD = log aΓ
aMD
+ log
aRH
aΓ
. (4)
The subscripts Γ and MD denote values evaluated when
ΓB = H, and at the onset of matter domination, re-
spectively. The first term can be estimated using en-
tropy conservation prior to decay such that aΓ/aMD =
10-10
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FIG. 1: Top: Evolution of the background energy densities
relative to the total initial density for the benchmark point,
m = 100 GeV, ΓB = 10−22 GeV, and ξ = 0.1. The sub-
script 0, refers to values at N = 0, corresponding to where
the dark matter becomes non-relativistic (TA,B = m). Dark
matter quickly comes to dominate the energy density of the
universe, which lasts until slightly after the onset of B decay.
Bottom: Evolution of the dark sector density perturbation
for mode k˜ ≡ k/HN=0 = 10−1, 10−2, which enter the horizon
during matter domination. The modes grows linearly during
matter domination, dips during freeze-out, and then grows
logarithmically during the radiation dominated epoch.
(sSM(aMD)/sSM(aΓ))
1/3. This can be simplified using
the relations of the SM entropy at the onset of mat-
ter domination, nA+B ∼ sA+B = ξ sSM, and at de-
cay, Γ2B ' H2 ∼ m nA+B/Mpl. We estimate the sec-
ond term by tracking the density throughout its de-
cay: (H/HΓ)2 = (aΓ/a)3e−ΓBt/2. Using Hdt = da/a,
this gives a differential equation which can be solved for
aRH/aΓ. In total we find,
NRH −NMD ' 1
3
log
ξ4m4
M2plΓ
2
B
+ 1 . (5)
In Fig. 2, we show the parameter space of co-decaying
DM, in terms of ΓB and m, and overlay the number of
e-folds of matter domination, given that the two sectors
were once kinetically coupled early in the universe, and
had entropy ratio ξ = 0.1 at kinetic decoupling. For
this choice ξ, up to 22 e-folds of matter domination are
possible. Larger values of ξ would increase the duration
of the early matter dominated epoch.
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FIG. 2: Viable parameter space for co-decaying DM assum-
ing no cannibalization [10]. The different regions show con-
straints from ∆Neff (purple); ensuring that DM decays out
of equilibrium (gray); unitarity constraints (green). In ad-
dition, there exist model-dependent constraints from indirect
detection searches which we omit here. The number of e-folds
of matter domination are overlaid, where here N denotes, in
shorthand, NRH −NMD.
GROWTH OF COSMOLOGICAL
PERTURBATIONS AND FREE-STREAMING
We now explore the effects of early matter domination
on the growth of co-decaying DM perturbations, where
they are expected to grow rapidly. In longitudinal gauge,
without anisotropic stress, the metric is
ds2 = − (1 + 2Φ) dt2 + a(t)2 (1− 2Φ) δijdxidxj . (6)
Working in momentum space, the time-time component
of the perturbed Einstein equation is
(
k2
3a2H2
+ 1
)
Φ + Φ′ = − 1
6H2m2p
∑
α
δρ(α), (7)
where v(α), δρ(α), δp(α) are scalar velocity, density, and
pressure perturbations for each fluid, respectively. In-
troducing the fractional density perturbations δ(α) ≡
δρ(α)/ρ(α) and defining the velocity perturbation for each
fluid as θ(α) = a−1∇2v(α), the continuity equations in
momentum space are given by
δ′A +
θA
aH
− 3Φ′ =
− 〈σv〉
mHρA
[
ρ2A (Φ + δA)− ρ2B (Φ + 2δB − δA)
]
,
(8)
δ′B +
θB
aH
− 3Φ′ = −ΓB
H
Φ
+
〈σv〉
mHρB
[
ρ2A (Φ + 2δA − δB)− ρ2B (Φ + δB)
]
,
(9)
δ′r +
4
3
θr
aH
− 4Φ′ = ΓB
H
ρB
ρr
[Φ + δB − δr] . (10)
Similarly, the equations for the velocity perturbations are
θ′A + θA −
k2
aH
Φ =
〈σv〉
mHρA
[
ρ2B (θB − θA)
]
, (11)
θ′B + θB −
k2
aH
Φ =
〈σv〉
mHρB
[
ρ2A (θA − θB)
]
, (12)
θ′r −
k2
aH
(
δr
4
+ Φ
)
=
ΓB
H
ρB
ρr
[
3
4
θB − θr
]
. (13)
We took each fluid to have a definite equation of state
with pressure p(α) = w(α)ρ(α) and hence δp(α) =
c2s(α)δρ(α) with c
2
s(A) = c
2
s(B) = 0, c
2
s(r) = 1/3. This set of
differential equations can be closed using Eq. (7).1 We
take adiabatic initial conditions2 for the perturbations as
in [2, 4].
Our solutions for the linear density perturbations are
presented in the bottom panel of Fig. 1. Here we con-
sider modes, k = 0.1×HN=0 and k = 0.01×HN=0, which
enter the horizon at N ' 2.7 and N ' 6.7, respectively.
The over-density grows linearly during matter domina-
tion, until reheating (NRH ' 13), at which point the
perturbations are slightly washed out by AA
 BB anni-
hilations during freeze-out, resulting in the dip in Fig. 1.
After that, the perturbations grow logarithmically during
the radiation dominated era.
The amplitude of general DM perturbations can be
estimated analytically by approximating the decay as in-
stantaneous and the dark matter as a single fluid. Pertur-
bations that enter the Hubble radius prior to reheating
1 In principle the inevitable dark temperature dependence of the
thermally averaged cross-section requires the inclusion of an ad-
ditional first order perturbation equation. Since the dark tem-
perature around freeze-out may not be well understood in some
models realizing the co-decay framework we do not include these
effects here, but emphasize the schematic nature of the numeri-
cal solutions. Furthermore, the annihilations terms only slightly
effect the perturbations, thus the inclusion dark temperature per-
turbations will have a small effect on the final results. We have
checked this explicitly.
2 For a situation with non-adiabatic initial conditions in a matter
phase we refer to [21].
4(k > kRH), take the form
|δA| = 2
3
(
k
kRH
)2
Φ0
[
1 + ln
(
a
aRH
)]
, (14)
where kRH is given by
kRH ≡ aRHHRH = 0.1 pc−1 ×
(
TRH
3 MeV
)(
g∗(TRH)
10.75
)1/6
,
(15)
with TRH the temperature of the SM bath immediately
proceeding decay. Eq. (14) is found by accounting for the
initial amplitude of the perturbations as a mode enters
the horizon, which grows linearly during matter domina-
tion, and then logarithmically with the scale factor after
reheating. We note that the above expressions agree with
those of Ref. [3].
The scale of reheating, given by Eq. (15), should be
compared to the scales of kinetic decoupling and free-
streaming, since both can wash out structure. Early ki-
netic decoupling is a defining feature of the framework
and therefore there is no collisional damping to suppress
growth of structure in co-decaying DM. On the other
hand, the free-streaming wavelength is given by
1
kFS
=
∫ aeq
akd
〈v〉
Ha2
da. (16)
where 〈v〉 is the average velocity of the dark A+B fluid.
Immediately after kinetic decoupling, the free-streaming
dark matter fluid is relativistic, 〈v〉 = 1. Then, close
to when the universe becomes matter dominated, the
DM becomes non-relativistic and its velocity begins to
redshift like the scale factor, and quickly slows. Thus
most of the free-streaming takes place before the mat-
ter dominated phase begins. Therefore, for co-decaying
DM, the free-streaming length is roughly the size of the
horizon at the time of matter domination, kFS ' kMD.
Free-streaming will only potentially wash out modes that
have just entered the horizon after matter domination,
and most modes will grow unimpeded by free-streaming
effects.
Relative to the scale at reheating,
kFS
kRH
' kMD
kRH
'
(
g∗,MD
g∗,RH
)1/6(
mξ
TRH
)2/3
. (17)
The free-streaming damping scale (kFS ' kMD) will set
the critical scale kcut = kMD for the smallest size of sub-
halos. In Ref. [2], it was found that whichever scale
sets the cutoff kcut (in general kFS or kKD, whichever
is smaller) needs only satisfy kcut/kRH & 10 in order for
the early matter epoch to lead to enhanced small scale
structures (micro-halos). In co-decaying DM, this is typ-
ically orders of magnitude larger (e.g., O(103) for the
parameters in Fig. 1).
The survival of small-scale structure in co-decaying
DM is in contrast to the case of dark matter produced
from the decays of an out of equilibrium particle, such
as moduli decaying to a neutralino. Indeed, in Ref. [4]
it was shown in this context that the enhanced growth
of structure would not survive either due to late time
kinetic decoupling, or free-streaming of relativistic DM
produced from moduli decays.
PRESENT DAY SUBSTRUCTURE
Having established that the enhanced perturbations
for the growth of micro-halos can survive reheating and
wash-out effects, we now consider the possible implica-
tions for structure formation today. Following Refs. [2, 3],
who use the Press-Schechter formalism [22], we now com-
ment on the qualitative features of the predicted sub-
structure.
Refs. [2, 3] established the fraction of the dark mat-
ter abundance found in micro-halos today resulting from
an early matter dominated phase. There, it was found
that the effect of the enhanced growth can be captured
by altering the transfer function on the relevant scales,
namely between the beginning of matter domination and
the time of reheating. Additionally, the growth function
will differ from the standard scenario since baryons will
not play a role in structure formation at these scales.
From the Press-Schechter formalism we expect that
once the rms density perturbation exceeds the criti-
cal value δc = 1.69, compact micro-halos will form.
Refs. [2, 3] found that the rms density perturbation is
rather insensitive to the reheat temperature, but depends
critically on kcut/kRH. If this ratio exceeds O(10) then
micro-halos can form; importantly, this ratio is orders
of magnitudes larger in co-decaying DM. In particular, it
was shown that this ratio not only determines the masses
of the micro-halos but also their time of formation. As
the kcut/kRH ratio increases, the redshift at which these
micro-halos form increases as well. Moreover, the higher
the value of the ratio, the more peaked the mass distri-
bution of the micro-halos is towards the largest possible
size. The largest micro-halos are set by the size of the
horizon at reheating, 1/kRH, and will have masses smaller
than or near
MRH ≡ 4
3
piρ
(0)
A k
−3
RH ' 103M⊕
(
3 MeV
TRH
)3(
10.75
g∗(TRH)
)1/2
.
(18)
Namely, for reheating near BBN, co-decaying DM can
produce micro-halos with masses as large as a thousand
Earth masses or less. The combination of the above
with the natural prediction in the co-decaying DM frame-
work of kcut/kRH  1, suggests that co-decaying DM will
lead to the formation of micro-halos with masses peaking
around the value given in Eq. (18).
If these structures survive until today, they lead to high
concentrations of DM which result in large boost factors
5for the self-annihilation of DM [3]. Thus, co-decaying
DM predicts enhanced signals in indirect-detection ex-
periments. Furthermore, sub-halos of the size predicted
here would appear as point sources, and could give a
DM explanation [23] to the unidentified point sources
observed by FERMI-LAT [24–26].
We conclude with several comments and open ques-
tions. First, N-body simulations are most likely needed
in order to evaluate the survival rates of the micro-halos
from high red-shifts until today. Next, it would be in-
teresting to study the internal structure of these halos;
given the high value of kcut in co-decaying DM, the distri-
bution may be fairly homogeneous – i.e. the dark matter
would be quite concentrated. Finally, the early matter
dominated phase can also result in the formation of pri-
mordial black holes [27, 28], which can provide another
component of the cosmological DM, in addition to the
co-decaying DM. We leave the exploration of these im-
portant questions to future work.
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